Summary. Hepatic glucokinase activity in the C3H/He strain of mice is about twice that in the C58 strain. Genetic analysis of hybrids and back-crosses indicates control of activity by a single codominant gene. The adaptations of activity that occur when animals of the two strains are starved, fed a carbohydrate-free diet or made streptozotocin-diabetic are similar in the two strains. In almost all the situations tested, plasma insulin concentrations were higher in the C3H/He strain than in the C58 strain. On the assumption that insulin plays some role in the synthesis of glucokinase, the possible association between the plasma insulin concentration and hepatic glucokinase activity in mice in which plasma glucose concentrations are similar is discussed. The twofold difference in glucokinase activity between the two strains is associated with only minor differences in glucose tolerance and insulin response to a glucose load.
Glucokinase (EC 2.7.1.2) is the principle glucose-phosphorylating enzyme in the liver parenchymal cells of many species and has properties that equip it to fulfil a unique role in the regulation of hepatic glucose utilization [1, 2] . Most studies on the enzyme and its regulation have used the rat. In that species glucokinase, which has a Km of about 5 mmol/1 (i. e. about the fasting blood glucose concentration) and is not inhibited by the product glucose 6-phosphate, is an adaptive enzyme. Glucokinase activity decreases when rats are starved or fed a carbohydrate-free diet and when made diabetic with alloxan or streptozotocin. Activity is restored by feeding a normal diet or by treatment with insulin, as appropriate. On the basis of this and other evidence, both dietary glucose and insulin appear to be necessary for the synthesis of glucokinase in vivo [1] [2] [3] .
Species differences in the adaptive behaviour of glucokinase have been reported but there have been conflicting statements concerning the mouse [1, [4] [5] [6] . An additional genetic factor or factors was identified in the mouse as a result of a survey of glucokinase activities in various inbred strains, the activities falling into three distinct ranges [7] . Genetic analysis using crosses and back-crosses of a high-activity (C3H/HeJ) and a lowactivity (RF/J) strain suggested control by a single codominant gene. Coleman [7] also described the interaction of starvation and diabetes on glucokinase activity in the two strains.
Because of our previous experience with glucokinase [3, [8] [9] [10] [11] , we decided to confirm or otherwise and expand upon the basic observations previously reported [7] using C3H/He and C58 mice. We then explored the relationship between glucokinase activity and circulating insulin concentrations. The possible physiological significance of different glucokinase activities has also been examined.
Materials and Methods

Animals
Pedigree mating pairs of C3H/He and C58 inbred strains of mice were purchased from Bantin and Kingman, Hull, UK, in September 1978 and colonies have subsequently been maintained in our animal house by same-litter sibling mating. The most productive subline of each strain was selected after the third litter in each generation. Experimental animals were subsequently produced by a "trafficlight" scheme [12] , and for these studies were taken from the third to the eleventh generation.
Only male mice (aged 8-10 weeks) have been used in the experiments. Unless otherwise stated, they were fed ad libitum on modified rat/mouse breeding diet cubes (Heygate, Northampton, UK). The carbohydrate-free synthetic diet was that of Walker and Eaton [13] . Post-absorptive animals had had food withdrawn 6h previously. When mice were starved they were kept in wire-bottomed cages. Diabetes was induced with the indicated dose of streptozotocin (Sigma, St. Louis, USA) freshly-dissolved in t0 mmol/1 sodium citrate buffer (pH 5.0) and injected IP. Injected insulin was insulin zinc suspension lente (Wellcome, London, UK).
Blood samples were taken into heparinized tubes either after decapitation or by orbital sinus puncture from animals under halothane anaesthesia. Glucose tolerance and insulin-response tests were performed on mice starved overnight (16 h) and then given 4g glucose/kg body weight in the form of a 20% (w/v) aqueous solution, orally by ball-tipped intubation needle [14] .
Analytical Procedures
Plasma glucose was determined by a glucose oxidase technique (GOD-Perid method, Boehringer, Mannheim, FRG) on 5-~1 samples using an autoanalyzer.
Plasma immunoreactive insulin was estimated with insulin radioimmunoassay kits (Radiochemical Centre, Amersham, UK) but using mouse insulin (Batch M181072, Novo, Copenhagen, Denmark) as standard. The batch experiments (see later) were performed on 100-~tl plasma samples and the coefficient of variation was better than 10%. To permit experiments requiring several blood samples from one animal, the standard procedure was reduced to one-quarter size and needed 25-~1 plasma samples and a modified range of standards; similar accuracy was achieved.
Assays of glucokinase and hexokinase activity were performed on the supernatant fraction of liver homogenates by methods employed and evaluated previously [8, 10] . Because the addition of 6-phosphogluconate dehydrogenase [15] did not increase further the rate of NADPH production in the coupled assay system, the amount of NADPH formed was halved to give the rate of glucose phosphorylation. One unit of glucokinase activity is that catalysing the phosphorylation of 1 ~mol of glucose/min at 32 ~ and tissue activities are recorded as units per g wet weight of liver.
Protein in the liver supernatant preparations was determined by a Biuret procedure.
Results are expressed as mean _+ SEM with the number of observations in parentheses. Significance of differences between means were evaluated by Student's t-test. For genetic analysis of the glucokinase activity data, individual values were grouped by one of two procedures. The first, used by Ciarranello and Axelrod [16] , involved determining the cut-off values for high-, low-and intermediate-activity phenotypic classes by plotting normal distribution curves based on the data from the two parental strains and F1 hybrids. The second procedure, as used by Glueeksohn-Waelsch et al. [17] , involved proportional assignment to each class of results within the overlap regions.
Results
Genetic Analysis on C3H/He and C58 Strains
These two strains were chosen because they were in the high-and low-glucokinase activity groups of mouse strains described by Coleman [7] and were available in the UK. Fed animals of the parental strains showed about a twofold difference in mean glucokinase activity (1.99 + 0.03 and 0.93 + 0.02 units/g of liver for C3H/He and C58 strains, respectively, n = 50). The F1 hybrid animals showed an intermediate range of activity (1.29 + 0.03 units/g of liver, n = 50). In the latter and the other groups of animals described below, reciprocal crosses were made to determine whether any sex-linked factors were involved in the determination of glucokinase activities; no such evidence was found so the results were pooled to provide the data reported.
Because of a small overlap of activities (raw data omitted) between the parental and F1 hybrid animals, the activities found in the backcrosses (a total of 50 ani-115 reals) between F1 hybrids and each of the parental strains and in F2 hybrids (50 animals) were assigned to groups as described in the Materials and Methods section [16] . The numbers of animals in each of the groups of backcrosses did not differ significantly from the predicted ratios of 1 : 1 or in the F2 hybrid groups from the predicted ratios of 1 : 2 : 1 (p > 0.50). The numbers of animals (total n = 50) in each group showed a slightly improved fit to predicted ratios when the alternative [17] procedure for assignment was used (p> 0.80).
Physiological Regulation of Glucokinase Activity
There was no significant lowering of glucokinase activity in the livers of mice of either strain during starvation when expressed on a per g wet weight basis although there was an absolute decrease due to the fall in liver weight ( Table 1 ). Mice of the C58 strain did not survive starvation for 72 h. When the mice were fed a carbohydrate-free diet glucokinase activity decreased slowly after about 2 days to reach significantly lower figures after 7 days (Table 1 ). The decrease in the C58 strain was the more dramatic both in the percentage change and in the final value. When animals were fed the carbohydratefree diet for 7 days and then returned to normal diet, the original activity was restored within 24h either completely (in the C58 strain) or partially (in the C3H/He strain) (Table 1) ; in the latter case restoration was complete inside 48 h (results not shown). Plasma glucose concentrations were not changed significantly by these dietary modifications.
Mouse strains vary in their susceptibility towards the diabetogenic drug streptozotocin [18, 19] . The optimum dose required in our animals was determined in preliminary experiments by assessing the balance between the positive criterion of the proportion of a group of treated animals showing gross glycosuria 48 h after a single IP injection of streptozotocin, and the negative criterion of the number failing to survive for 5 days. The range of doses tested was 100-400 mg/kg body weight. The doses that resulted in about 90% of the animals both being diabetic within 48 h and surviving the 5 days were 350 and 180 mg/kg body weight for C3H/He and C58 mice, respectively; these doses were used in subsequent experiments.
Glucokinase activities decreased to very low values following injection of streptozotocin (Table 1) ; the decreases were significant within 48 h (p < 0.05, results not shown). The two strains showed a difference in the amount of insulin required to restore glucokinase activity to normal in mice that had been streptozotocin-diabetic for 7 days. We did not consider it justified to sacrifice the large number of animals that would have been required to establish a precise dose-time course for this restoration. Using only small groups of mice, the quantities of insulin (given as two SC injections/day) necessary to return glucokinase activity to normal within 3-4days were about 4 and 0.5 units/day in the 
Circulating Insulin Concentrations under Various Conditions
Coleman [7] reported no difference in plasma immunoreactive insulin in his C3H/HeJ and RF/J strains, but the physiological conditions of sampling were not specified. Determinations of circulating insulin concentrations in our high-and low-glucokinase activity strains in the fed and starved states and after streptozotocin treatment indicated not only that there were changes within one strain but that, in most situations, the concentrations in the C3H/He strain were significantly higher than in the C58 strain (p < 0.01). Because these results (not presented in detail) were based upon blood samples obtained from batches of animals and assayed at various times, they were confirmed by taking serial blood samples from the same mice from another group of animals. Mice were bled by orbital sinus puncture after feeding and then 6 h (post-absorptive) and 48 h after removal of food. After a rest period on normal diet the carbohydrate-free diet was fed for 7 days and further blood samples taken. After a further rest period on normal diet the same animals were made streptozotocindiabetic and further samples obtained. The data obtained in this way (Table 2) were remarkably consistent with those from the batch blood samples. The general picture that emerged was of higher circulating concentrations of insulin in the C3H/He strain than in the C58 under most circumstances. The only exceptional result recorded in Table 2 was the decrease in post-absorptive plasma insulin concentration seen in C3H/He mice but not in C58 mice that had been fed a carbohydrate-free diet. For comparison, some data are included (Table 2) on BALB/c mice, a strain that has intermediate [7] glucokinase activity (in fed animals: 1.63 _+ 0.04 units/g wet weight of liver, n = 6).
Glucose Tolerance and Insulin Response to Glucose Load
Many cellular phenomena, both hepatic and non-hepatic, contribute to glucose tolerance so that a difference in glucokinase activity is not the only factor determining the fate of a glucose load. Nevertheless, in view (11) 1.04+0.22 (14) 1.37• (16) 0.69_+0.20 (11) 0.91 +0.2l (14) 1.03 +0.18 (16) 2.10+0.38 (7) 0.72+_0.10 (7 of the activity differences between the two strains of mice reported above, simple glucose tolerance tests and measurements of insulin response were performed to reveal any major differences between the strains. The experiments possible were severely restricted by the quantity of blood obtainable from mice when animal survival and multiple samples are required. As more plasma (25 ,ul) is required for the scaled-down insulin assay than for a glucose determination (5 ,ul), only three samples large enough for insulin measurements were taken; these were at zero time and 2h later, with the third at either 15rain (C3H/He mice) or 30min (C58 mice) after glucose administration, corresponding to the peaks of the respective glucose tolerance curves.
The results show that, despite the comparatively large oral glucose load (4 g/kg body weight) given, plasma glucose and plasma immunoreactive insulin concentrations returned essentially to 16-h-starved values within 2 h (Figs. 1 and 2) . Peak plasma glucose values were recorded at 15min for C3H/He mice and at 30 min for C58 mice (Fig. 1) , but the magnitudes of the peaks were not significantly different between the two strains. The marked difference between the strains in plasma insulin concentrations was confirmed (Fig. 2) ; a few determinations on samples at 15rain from C58 mice did not suggest an earlier peak in the insulin data. In the C3H/He mice the improved glucose tolerance at 30 min (Fig. 1) found in animals previously fed normal diet when compared with those fed the carbohydratefree diet may be due to the significantly greater insulin release at 15 min (Fig. 2) . In general, the lower circulating insulin concentrations in the C58 mice (Table 2) are reflected in the comparatively small response to large glucose load (Fig. 2) .
Discussion
Finding no differences in heat inactivation of the glucokinase in his mouse strains (C3H/HeJ and RF/J), Coleman [7] concluded tentatively that the enzyme was the same structurally in these strains. In our own investiga-tions on the partially-purified enzyme from C3H/He and C58 mice by both kinetic and immunological procedures (unpublished observations), we have also found no differences. Thus it remains most likely that the molecular basis of the activity data resides in genetic control at a non-structural gene locus.
Where comparable, the data in Table i are similar to the results of Coleman [7] . Why the glucokinase activity (per g liver) does not decrease on starvation (especially after 3 days in the C3H/He animals) but does so slowly on feeding a carbohydrate-free diet is not apparent, especially as plasma insulin concentrations are lower after starvation for 2 days than after feeding the special diet for 7 days ( Table 2 ). The question arises as to whether the differences in glucokinase activities in the two strains bear a relationship to the differences in the circulating insulin concentrations. The results certainly extend previous observations that mouse strains vary in susceptibility to diabetogenic drugs and also to insulin [7, 18, 19, 281 .
How insulin regulates protein synthesis in a tissue such as liver remains largely unknown. The apparent role of insulin in glucokinase synthesis represents a fairly specific effect in that the activity of very many other enzymes is unaffected. It is therefore relevant that insulin can in some way control the amount of specific mRNA in liver coding for exported proteins such as albumin [20] and azu-globulin [21] or for endogenous adaptive enzymes such as tyrosine aminotransferase [22] and phosphoenolpyruvate carboxykinase [23, 24] . The variations in concentration of pyruvatekinase mRNA with diet [23] may be affected via insulin. Effects of insulin upon messenger translatability [22] or the machinery of protein synthesis [24] are known. These considerations indicate a clear need to assess the binding of insulin to liver plasma membranes and the amounts of translatable mRNA for glucokinase in the livers of the two mouse strains.
Enzyme degradation rates may also be different in the high-and low-activity strains. The data in Table 2 are insufficient to determine this. The general impression is that the turnover of glucokinase may be slower in the mouse than in the rat [2, 27] .
Like the low-activity RF/J strain [7] , animals of the C58 strain do not survive starvation for 3 days but the reason for this need not be anything to do with hepatic glucokinase or carbohydrate metabolism. Some small differences between the strains in terms of glucose tolerance and insulin response to a glucose load are seen in Figures 1 and 2 but these do not seem to be large enough to suggest a major disadvantage in C58 strain because, under normal circumstances, glucokinase activity is only half that in the C3H/He strain. Insulin sensitivity is nevertheless the basic difference between the strains in that the plasma glucose concentration patterns (Table 1) are not significantly different although the plasma insulin concentrations are. However, there could be compensatory changes in antagonistic hormones such as glucagon and corticosteroids. Many more metabolic variables need to be explored in the two strains before a complete understanding of both the cause and significance of the differing glucokinase activities can be elucidated.
